An important issue being discussed for Chilean pine plantation policies is the application of environmental protection measures when managing its timber areas. Typical measures, already in place in more developed countries, include imposing riparian strips and protecting fragile soils from the use of heavy machinery. While environmental protection measures have been considered vital for decades, so far there has been almost no attempt to quantify both the benefits and costs of these measures. This paper attempts to measure the costs associated with the main measures which can help both the forestry firms and the government evaluate the cost impact of the new environmental protection regulations being studied. The analysis for different environmental scenarios is carried out by modifying a mixed integer LP, currently used for tactical planning by one forestry firm.
Introduction
Chile has an important forestry industry in its southern region. It is based mostly on pine plantations, with a rotation of about 25 years, integrated with industrial plants (sawmills, plywood, pulp) to fully use the different parts of the trees. The lower part with wider diameter usually goes for export or high quality saw products; the middle part is used at local sawmills; and the upper part, of lowest diameter, is used at pulp mills. Downgrading is possible where higher diameter logs can be used for purposes requiring smaller diameter, with a loss in value of timber.
We start by first describing the situation of a typical forest firm. The holdings of Sociedad Forestal Millalemu (which we will refer to as Millalemu) are composed of 17 forest areas of different sizes ranging from 65 to 560 hectares. Within each forest area, homogeneous stands are defined, based mostly on tree age, location, and site quality. Forest areas are accessed by public roads, usually paved. However, within the areas, roads are the firm's responsibility, which builds either lower cost dirt roads that can only be used in the dry summer season or higher priced gravel roads that can be used year round. Upgrading from dirt to gravel is possible. All road building and upgrading is carried out in the summer season. Harvesting is carried out by skidders in flat areas and by towers or cable logging in steeper areas.
For the last 5 years, Millalemu has used OPTIMED, a computational system based on a LP model with 0 -1 variables to support tactical decisions on a 2-to 5-year horizon.
The main decisions to consider in the model are: i) Timing for harvesting of each stand. ii) Volumes to be harvested and transported to meet estimated demands. Future demands are defined through lower and upper bounds based on firm orders and forecasts of future orders.
iii) Road building or upgrading to access stands. iv) Volume of timber to store (in a stocking yard) from Summer to Winter. The use of the model has allowed important improvements in the quality of solutions, leading to improved decisions on when to harvest each area and when to build roads in time to provide access needed for harvesting (Epstein, Morales, Seron, and Weintraub 1999; Andalaft et al. 2003) .
Imposing constraints on harvesting practices to protect the environment, wildlife, water quality, soil, and scenic beauty has been a major concern for at least the last three decades for native forests and lately for plantations. In the case of native forests, in particular in North America and Europe, environmental and wildlife protection in its different aspects has assumed a vital importance, often preceding that of timber production. In plantations, the economic performance is obviously paramount. However, environmental concerns have taken an increasing importance, in particular to protect soil and water quality. Some issues prevalent in native forest, such as protecting wildlife, are not as vital for the case of plantations. We considered typical measures already taken for plantations in more developed countries, such as the U.S. or New Zealand (Weintraub, Epstein, Murphy, and Manley 2000) , complementing them with a parallel study in Chile, and analyzed their implementation in our case.
The main measures considered are: i) Not harvesting on a width alongside rivers or watercourses, to avoid logs, debris, or sediment falling into the water. These are called riparian strips.
ii) Leaving strips of standing trees alongside roads to preserve scenic beauty. Note that once the trees planted after harvesting behind the strip grow to a certain height, the trees in the strip can be harvested. In this form, the view from the road will always perceive trees.
iii) Heavy equipment like skidders produce damage to soils, by compacting it and creating erosion. This is particularly serious for more fragile soils. Typical soil protection measures consider using cable logging or towers instead of skidders for fragile areas and not harvesting at all for highly fragile areas.
iv) Harvesting when raining causes erosion, so minimizing harvest in the rainy season is an important protective measure.
v) For native forest in particular, a series of spatial considerations have been imposed to protect wildlife and scenic beauty. Mainly, such measures include limiting the size of patches of contiguous area that are harvested and creating patterns of blocks of mature trees. These configurations are friendly to animal species. There is a wide body of literature describing the application of spatial measures and how to find solutions in these situations. For example, Murray and Church (1995) consider maximum size of contiguous harvested areas and Hof and Bevers (2002) also consider wildlife conservation. Barret, Gilles, and Davis (1998) analyze the consequences for private timber holdings as they vary the maximum size of 291 COST OF ENVIRONMENTAL MEASURES IN PLANTATION HARVESTING contiguous area harvested and how soon afterwards a neighboring area can be harvested (called green-up) .
While there are clear environmental benefits associated with these measures, it has been complicated to measure them quantitatively, mainly due to the difficulties in obtaining exact impact figures in the effects they produce and the non-monetary value associated with them.
There has also been little effort to determine the cost associated with these measures, expressed as a decrease in net present value or in timber yields. We feel it is important to develop a tool which can quantify these effects. This tool can easily be extended to consider different situations both for plantations and also for native forests. For example, a model developed for the U.S. Forest Service (Weintraub et al., 1994) to handle decisions on road building and harvest sequencing can be modified in a process similar to the one presented here to evaluate different environmental measures, such as those described above, and others more directed to native forests, such as different variations of spatial considerations.
The consideration of environmental issues in Chile became more intense in the last decade or so. There have been two driving forces behind this. The first is internal. There has been an increasing awareness of environmental values and the need to preserve biodiversity. The government has created offices with increased power that regulate environmental issues.
For the first time, in the last decade important investments have been held up because of environmental questions. For example, a U.S. $500 million investment in a pulp plant was delayed over 5 years until several important environmental issues were settled. In 2000, the government named a well known active environmentalist as head of the Environmental Commission, a subcabinet level position. However, due to the slowing down of the economy in the last 4 years, this impetus has lost some of its force.
The government has been less active in measures that might impede growth and job creation. The second driving force is the global economy and its imposition that all countries preserve the environment. For example, the ISO 14,000 standards are oriented toward environmental measures, and firms wishing to export must sometimes comply with these or similar requirements.
The environmental factor has played a particularly important role in the forestry sector. Just 20 -30 years ago, in considering Chile's relative advantages to produce and export pulp, one advantage mentioned was that, as a developing country, Chile need not worry as much about the costs involved in reducing the contamination caused by pulp plants. Those environmental constraints were considered a privilege for developed countries. Naturally, there has been a complete change in this perspective. The need to preserve forest soils grew both as an awareness of the benefit for the forestry companies of increasing the value of their holdings, by having better quality lands for future harvests, as well as the realization that the political climate was increasingly pointing toward more active environmental protection. The project described here grew out of this awareness. Firms became interested in determining the trade offs between measures to preserve and protect the environment both for considerations of value of their own holdings, and to prepare themselves for the expected political discussions on measures and regulations that the government is likely to impose in the future. Implementing environmental measures is a slow political and cultural process. The results of this project can permeate the culture of forestry firms in relation to harvesting practices that have good "trade off" values, for example, by pushing toward more intensive use of cable logging in fragile areas. In political terms, the slowing down of the economy has postponed the internal political discussions of regulations, which will take years to mature. What has moved to the front burner now has been the international political climate for environmental protection. Chile exports about 90% of its timber products and, increasingly, the markets in developed countries are erecting "green barriers," that is, they allow only imports which comply with environmentally safe practices, from the forests to the plants. For example, Home Depot will not purchase wood products which do not come from environmentally certified forests. In 2002, Chile signed Free Trade Treaties with the European Union and the 292 U.S. While this is naturally a privilege for Chile, it also entails added responsibilities, which include stricter compliance with environmental concerns. At present, there are several important international NGOs, non-governmental organizations, competing to establish their certification procedures. The most important are FSC, the Forest Stewardship Council, PEFC, The Pan-European Forest Certification, SFI-SFB, The U.S. Sustainable Forest InitiativeSustainable Forest Bureau, and CSA, The Canadian Standards Association. One of the authors of this paper is a member of the Commission for Forest Certification, which is in charge of producing the manual of rules for certification of forests in Chile. This manual, now completed, will be compared and validated with other international ones, so that Chilean exporters can access foreign markets with no hindrances. This process has already started. Environmental manuals are designed in a more general framework than governmental regulations. For example, where a government regulation might impose a riparian strip of 50 meters to protect a water course, an Environmental Manual will tend to emphasize in general the need to protect water quality and the type of measures that can be taken. In terms of certification, the results of the analysis of trade offs presented in this paper can be helpful in the future, when the considerations in the manual, yet to go through an approval and validation phase, start taking concrete forms. A main contribution of this paper is to allow all stakeholders to evaluate the cost of specific, quantitative environmental measures through the use of mathematical models.
In a study funded by the Science and Technology Council of Chile, which supports joint University-Enterprise applied research, a group of academics from the University of Chile and representatives from the major Chilean forest firms (Arauco, Mininco, Bío Bío and Millalemu) carried out the analysis described in this paper. Millalemu was chosen for the test study. In a parallel study (De la Maza 1997) , the main environmental protection measures were identified as those described above in points i) through iv). Spatial constraints, such as described in v), were not included, as these were considered not yet pertinent to Chilean requirements.
In New Zealand, similar environmental measures were imposed for plantations through the 1991 Resource Management Act, and a posteriori evaluations showed significant impacts in loss of net revenues and timber yields as a consequence (Weintraub et al. 2000) .
In Section 2, we present a version of the model in the OPTIMED system and its use. In Section 3, we discuss in detail the environmental measures considered and how they were included in the tactical model. In Section 4, we detail the Millalemu instance, the different scenarios considered, and the computational results of the basic model, while Section 5 covers sensitivity analysis, and Section 6 gives the conclusions.
The Mathematical Model
We present in this section the basic model presently used by Millalemu for tactical decisions. We concentrate on the part of the model that will be used in the evaluation process of environmental measures. A complete version of the model as well as algorithmic details of its solution are described in Andalaft et al. (2003) .
Indices t or u: a time period, which can refer to Summer or Winter season, t ϭ1,. . . T s: a stand mature for harvesting i or j: an origin node of the road network, to which one or more stands provide timber m: a destination node for timber products l: a machinery type r: a road standard, dirt or gravel k: timber product, in this case considered aggregated into export, sawmill, and pulp quality (ij): a road in the network A ls : number of hectares in stand s that can be harvested with machine type l U (ij)rt : flow capacity on road (ij) of standard r in period t (m3/period). This capacity constraint is usually not active as it is much larger than actual flows. Note that no flow is possible on dirt roads in Winter.
Z mtk LOW : lower bound on the sales of product k made at destination m in period t Z mtk UP : upper bound on the sales of product k made at destination m in period t Constraints
where [i] is the set of stands that contribute to origin i. In each period t, for each product k the total outflow from origin i is the sum of production from all stands associated with it.
AREA PER STAND
The total area harvested with a certain type of machinery l on a certain stand s cannot exceed the available area. This is defined for each stand and machine type. Each area is to be harvested with one specific type of machinery.
3. FLOW CONSERVATION. This set of constraints insures flow conservation of each product harvested in stands. Thus, volume of product k harvested in a given stand s goes through existing roads in the network to final destinations, which can be the pulp plant, sawmills, or ports for export. The constraints allow for downgrading, as export timber can be delivered to sawmills or the pulp plant, and saw timber can be delivered to the pulp plant. Stocking yards can be used to stock timber, for any product, from Summer to Winter, up to the capacity of each stocking yard.
BOUNDS ON SALES (DEMAND CONSTRAINTS)
where for each product and period lower Z mtk LOW and upper Z mtk UP bound on amounts to be sold can be defined.
ROAD
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ii)
Any road can be built at most once through the horizon T.
6. ROAD UPGRADING. For existing roads, there is a defined capacity. Upgrading from dirt to gravel, which is carried out in Summer, is also a possibility.
7. Fixed costs for harvesting are handled through constraints which state that if a stand is harvested at all it has to be done to at least a minimum area. This avoids harvesting too small areas.
Objective Function
We need to maximize net present value. The components of the objective are: income due to sales Z mtk at market prices and costs due to: harvesting, transportation, road building and upgrading, and timber stocking.
This model has been in use for about 6 years in Millalemu (Epstein et al. 1999; Andalaft et al. 2003) . It supports yearly planning decisions in relation to stands to harvest, volumes of timber to produce and send to markets, roads to build or upgrade, and stocks of timber to hold from Summer to Winter.
It has also been used to evaluate the purchase rights of harvesting, that is, the right to harvest a timberland belonging to a third party; and returning the land to the owner after completing the harvest. By running the model with and without a particular timberland, it is possible to estimate its value to Millalemu, which will depend in part on logging distances and tree ages. This is the model our study is based on. At Millalemu, the model is presently solved using a commercial LP package with heuristics to round off integer variables. More exact and faster solutions can be obtained through considering additional algorithmic enhancements, such as strengthening the LP formulation, lifting, and Lagrangean relaxation. This approach was very successful in computational tests (Andalaft et al. 2003) .
We note that this model has important similarities to previous tactical models developed for the U.S. Forest Service (Kirby, Hager, and Wong 1986; Weintraub et al. 1994) , but also has differences, mainly in the time horizon considered (a few years including seasons versus decades), introducing several types of products, single species plantations compared with native forests, and assigning fixed costs to harvest areas versus the described spatial constraints such as maximum contiguous area to be harvested considered in native forests. As mentioned before, a similar process for evaluating the costs associated with different environmental measures by modifying the basic model can be carried out in the case of the U.S. Forest Service model, as well as in many other situations.
Environmental Measures and Impact on Planning Model
In De la Maza (1997), impacts due to harvesting practices were determined as well as a set of environmental measures considered adequate for reducing these impacts. These measures are consistent with practices adopted in other countries with similar forest characteristics, such as New Zealand (Weintraub et al. 2000) . The following were considered the basic environmental measures in De la Maza (1997) and were implemented in the tactical model presented in the previous section.
• Avoid harvesting with heavy machinery on fragile soils. Highly fragile soils cannot be harvested at all.
• Leave strips of standing trees on public roads to preserve scenic beauty.
COST OF ENVIRONMENTAL MEASURES IN PLANTATION HARVESTING
• Leave riparian strips along watercourses to protect water quality. An alternative measure, based on protection barriers was also introduced.
• Favor harvesting in the drier Summer season. We did not consider explicitly environmental measures related to road building, as test runs showed that taking special care to impose measures related to the design of roads, such as avoiding building roads parallel to slopes or on fragile soils, did not significantly affect the value of the solutions. So, while these measures need to be implemented, it is not necessary to introduce modifications in the model for this purpose.
The way to implement these measures is described below. Details are given in Caro (1999) . We note that we could introduce other environmental measures through other modifications of the model. For example, some spatial constraints as those described in point v) of Section 1 (Introduction) have already been considered in many studies (Weintraub et al. 1995; Martell, Gunn, and Weintraub 1998) .
1) Avoid harvesting on fragile areas
Areas with steeper slopes, fragile types of soils, and those subject to heavy rains are more prone to degradation when harvested. These areas should be harvested via aerial systems: tower or cable logging instead of heavy land machinery, such as skidders. In more extreme cases, harvesting should be avoided altogether. A first step was to construct a Fragility Index (FI), based on the work by Gayoso (1997) in Chile, in order to classify all areas into high, medium, or low level of fragility, and take measures accordingly; that is, do not harvest areas with high fragility, use only cable logging for areas with medium fragility, and allow all harvesting machinery in areas of low fragility.
The model proposed by Gayoso calculates degradation indices, risk of slippage, land erosion, land compacting, and loss of topsoil based on six attributes: land density, internal drain age, profile depth, slope, soil texture, and level of rains. Based on the values of the attributes and formulas for each risk index, a global value for fragility (FI) is determined between 0 and 10, where 10 indicates the highest fragility. The definition of high, medium, and low fragility can be parameterized along the values (0 -10).
In a first approach, based on the definition by Gayoso (1997) , values in the range 0 to 5.9 were considered low fragility, 6.0 to 6.9 medium fragility, and 7.0 to 10.0 high fragility.
The model was modified accordingly by recalculating the parameter A ls , the area available to harvest with machine type l in stand s. In this case, areas with fragility 6.0 to 6.9 were compelled to be harvested with cable logging, irrespective of slope considerations, while areas with fragility 7.0 to 10.0 were excluded from harvesting. The values that define level of fragility were modified parametrically to test different scenarios. Note that the timber of areas not harvested due to soil fragility is also lost in the long run.
2) Scenic strips along public highways
In order to define these non-harvested strips along public roads, the density of the forest areas along the roads was considered.
For higher density areas (Ͼ700 trees/Ha) a strip of 20 meters along the road was proposed, for medium density (400 -700 trees/Ha) a strip of 40 meters was used, and finally a strip of 60 meters was used for low density areas (Ͻ400 trees/Ha).
Note that strip width can be parameterized, and that these harvesting areas are not lost, only postponed until the newly planted trees behind the strip grow, thus delaying these volumes beyond the horizon of our model.
To account for these strips, the parameters A ls , the area harvested in stand s with machinery l, is modified to:
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where Length is(ij)d is the length of the segment of road (ij) that crosses stand s through area that can be harvested with machinery l, and Strip d is the strip width for tree density d. The new parameter A ls takes into account strips excluded from harvesting.
3) Riparian strips
To decrease water contamination and sedimentation, vegetative strips are left along watercourses. These strips are not harvested.
Two types of watercourses were defined: type 1, which do not have other tributary watercourses (affluents); and type 2, those that do have affluents and are considered more important. Different total widths, F g , of the riparian strips were introduced into the model by modifying the A ls parameters for the set of water courses w, in a similar way as done for road strips.
where AG lswg is the length of watercourse w of type g that crosses stand s through area that can be harvested with machinery l, and F g is the strip width.
In a first run, strips of 15 and 30 meters were used for watercourses type 1 and 2, respectively.
4) Reduce harvesting in the rainy season (Winter)
The intention of this measure is based on the higher degradation that occurs when harvesting in rain-soaked soils. This is particularly negative for fragile soils. To consider this effect in the model, one possibility is to specify for each stand, depending on its soil fragility, a maximum amount of area that can be harvested in Winter. This approach seems natural but has the inconvenience that it is not clear to managers how to define upper bounds for Winter (and the model can end up being too restrictive). For this reason, a relative (rather than absolute) measure was chosen which limits the amount harvested in Winter to a fraction of what was harvested in Summer. This type of measure is much easier to implement in practice. In particular, an average Fragility Index was calculated for each stand. Then, for each machinery type l, three parameters were defined: high l , med l , and low l . Each one indicates the maximum proportion of hectares to be harvested in Winter with that machinery as compared with Summer, for a stand with average Fragility Index in the high, medium, and low range, respectively (we used the same fragility ranges as in the first environmental measure). Naturally high l Ͻmed l Ͻlow l Ͻ1, as for example in the case of high fragility soils, the fraction of area harvested in Winter compared with Summer should be the lowest. Finally, new constraints were introduced. For stands with high average Fragility Index within the same forest area:
for all l, t ϭ Winter, and ͑t Ϫ 1͒ ϭ Summer (R4) (9) These constraints limit harvesting in Winter to a fraction of the Summer harvest. Similar constraints were developed for stands with medium or low (average) fragility. Table 1 indicates the fractions used depending on the average Fragility Index.
The Modified Tactical Problem
We present next an analysis of the case study. We considered those holdings of Millalemu which could supply timber for harvesting in the next 3 years. These constitute 29 separate areas with a total of 4,316 hectares, spread over 3 of Chile's southern regions. Table 2 shows the characteristics of the 14 largest of these 29 areas.
COST OF ENVIRONMENTAL MEASURES IN PLANTATION HARVESTING
The resulting model has about 9,000 continuous variables, 1,500 binary variables, and 15,000 constraints.
The model requires as input about 14,700 parameters of which 4,932 are altered by the environmental measures. About one-quarter of these have to be calculated and entered into the model manually. A geographic information system (GIS) provides most of the remaining information. A modification was made to account for geographic locations: as defined, stands are homogeneous areas in a same zone, but may correspond to disjoint areas. Since connectivity is important for the purpose of the environmental measures and the tactical model, we used polygons, derived from a GIS. Polygons are defined as a connected area belonging to a unique stand, and also respecting natural limits such as roads, ravines, rivers, etc. In this form, a stand is composed of one or more polygons. In the case of Millalemu, 250 stands led to 1,120 polygons going from 0.1 to 30 hectares. Polygons are then associated to origin nodes from which loading will be carried out in the model.
In setting up the parameters of the model, a grid form of 0.25 hectares was defined and used at the level of the polygons to handle needed characteristics of fragility to modify parameters corresponding to number of hectares available for harvesting or to assign to cable logging.
As described before, 29 areas were considered with 4,316 hectares. In order to appreciate the relative impact of the environmental measures, it is important to notice that 5% of this area had Fragility Index equal or higher than 7, 25% between 6.0 and 6.9, and the remaining is below 5.9. The length of public highway that required non-harvested strips was 8.4 km. The length of watercourses type 1 and 2 was 77 km and 17 km, respectively. Once the model was set up, we considered a base scenario, which is the original model with no environmental constraints. A horizon of 2.5 years divided into 5 semesters was chosen. A discount rate of 8% was used, and bounds on sales (demand) for export, saw timber, and pulp, corresponding to Millalemu's 6 final destinations, were defined. Projection of future demand is important in decision making. This demand is composed of known future sales, such as the known requirements of a pulp plant, and estimates of demands to export either as logs or as more elaborate products along the supply chain such as saw timber or boards. As exports constitute 80% to 90% of sales, in competition with other producers worldwide, estimating future demand is not exact.
Thus, when planning, firms usually establish lower and upper bounds on future sales to reflect market uncertainties. Lower bounds include existing contracts plus "almost sure" future sales, while upper bounds reflect a mixture of perceived optimistic sales scenarios as well as the need to preserve standing timber for periods beyond the planning horizon. As this is a tactical model of relatively short horizon, it should not allow harvesting an excessive amount of timber within its horizon.
Experiments were performed on a 300-MHz Pentium II PC with 512 MB of RAM. The original model plus the environmental constraints and additional strengthening constraints (see Andalaft et al. 2003) were coded in GAMS, and CPLEX 6.0 was used as a solver. A 3% error bound was accepted in the MIP runs (in most runs, the final gap was way below 1%). The run times for most scenarios were less than 1,000 seconds. The exceptions were those scenarios that included constraint R4, restricting winter harvests, which usually took 10 times more. An explanation for this high increase in computer effort is possibly that adding a type of constraints such as (R4), which links output in two successive periods as constraints that become active, can increase solution times. This happens as fixing one fractional variable to integrality often just leads to another variable becoming fractional and thus many additional branchings are carried out which are of marginal value to reaching an optimal solution. This problem has been approached successfully in other settings by "elastisizing" these constraints, e.g., allowing small penalized violations of the constraints (Ehrgott and Ryan 2003) . Since these models need to be solved just a few times, and computer times were moderate for our experiments, efficient problem solving was not in the essence of this research, and we did not carry out tests to verify if the "elastisizing" approach reduced computer times in our case.
We designed a set of runs to represent the basic environmental measures described. We first tested those measures applying them each separately in order to have a first analysis of the impact on net revenue of each measure and timber production. For riparian strips alongside watercourses, we analyzed two scenarios. One being more demanding in terms of defining strips for all watercourses, while the other only considered strips for the more important watercourses. After the scenarios for individual measures were tested, we analyzed scenarios for combinations of the measures which individually had proved to cause higher cost variations. A final run was considered implementing all measures simultaneously, to obtain the highest cost scenario. A complete list describing all scenarios is given below: Scenario R1. Use only cable logging on areas with fragility index (FI) in the range (6.0 -7.0) or with slopes above 30%. Do not harvest areas with FI above 7.0. Scenario R2. Have non-harvested strips alongside public roads, as described in the previous section. Scenario R3. Define riparian strips alongside watercourses of 20 meters for water-courses type 1 and 40 meters for type 2. Scenario R3B. Define riparian strips of 30 meters only for watercourses type 2. Scenario R4. For each zone, restrict Winter harvesting according to fragility, as defined by Table 1 . Scenario R13. Apply simultaneously scenarios R1 and R3. Scenario R13B. Apply simultaneously R1 and R3B.
Scenario R14. Apply simultaneously R1 and R4. Scenario R34. Apply simultaneously R3 and R4. Final Scenario. Apply simultaneously R1, R2, R3, and R4. We note that in these scenarios the possibility of using a stocking yard was not enabled, as the present policy of Millalemu is not to use them. This condition was then relaxed in the sensitivity analysis of scenario R4. Table 3 shows the results obtained for each scenario.
As can be seen, the basic scenarios that have highest impact are R1 (limit harvesting in fragile areas), R3 (riparian strips), and R4 (limit harvest in Winter). When all measures are applied jointly, there is a reduction of almost 12% in NPV.
We note that, in this case, the reduction in NPV is driven basically by higher costs. This is due to the upper bound on sales, which was binding in all scenarios, so the income is almost constant. In later runs, when this bound is removed, we will see that the impact of the measures on NPV increases significantly, as income is reduced. The increase in cost is mostly due to higher use of more expensive cable logging (because of fragility considerations) and increase of road upgrading when harvesting in Winter is restricted (since more stands need to be accessible and only gravel roads can be used in Winter). Table 4 shows the total timber volume obtained in each scenario. As explained, given the active upper bound on sales, the loss in timber volume is very low. Table 5 shows the variation in areas harvested under the different scenarios.
The results show that the measures which exclude most land from harvesting are R1 (no harvesting in highly fragile soils) and R3 (riparian strips). When all measures are considered, the total protected area corresponds to about 13.3% of the available land. On the other hand, Export  507  507  507  505  507  507  506  505  507  506  504  Sawmill  361  356  359  354  356  357  356  361  353  352  354  Pulp  154  159  156  161  159  158  158  154  162  162  160 300 the total harvested area increases. This is explained by the fact that riparian strips are usually more productive, so to compensate, more hectares of other areas need to be harvested. Note also that scenario R1 shifts about 10% of skidder harvesting to cable logging to reduce use of heavy machinery on fragile soils.
Sensitivity Analysis
After evaluating the impact of the basic scenarios, a second step was to analyze the sensitivity of the measures with respect to the parameter values, to see how robust were the results obtained.
We analyzed the following variations:
A) MODIFICATION OF HARVESTING COST. To consider a range of harvesting costs, we reduced them from 8 to 5 U.S. $/M 3 for skidders and from 9 to 7 U.S. $/m 3 for towers, so the difference between the use of skidders and towers increased. Naturally, harvesting costs declined significantly, around 30%, and the difference in cost between skidders and towers affected mostly scenario R1 (higher use of cable logging), but the differences were minor. B) SENSITIVITY IN THE EVALUATION OF FRAGILITY. This sensitivity analysis is important, as the basic definitions of high, medium, and low fragility were set somewhat subjectively. We considered 5 additional sets of fragility. Table 6 shows the results sorted according to the variation in NPV. In scenario R1-S1, the low to medium fragility limit is kept constant, with respect to scenario R1, and the medium to high is increased to 8.5. On the other side, in scenario R1-S5, the high to medium fragility limit is kept constant and the low to medium is reduced to 4.9. Scenarios R1-S2 and R1-S3, respectively, represent a downward and upward shift of the medium fragility range. Finally, scenario R1-S4 corresponds to a scenario in which the medium fragility range is symmetrically increased (with respect to scenario R1).
As Table 6 shows, the definition of fragility has an impact on NPV and protected area. As fragility becomes stricter, NPV is reduced up to 4.8%, while the less strict definition leads to a loss of only 1.8%. Harvesting costs increase when the limit between the low and medium fragility ranges is reduced. This is due to more use of cable logging. In the same way, protected area is larger when the limit between the medium and high fragility ranges is lower. Note that the bounds on sales imply no loss on timber production or revenues. There are many watercourses in the area considered. Additional scenarios of width of riparian strips were considered as shown in Table 7 .
As can be seen, for the wider strips, loss in NPV goes from 3.0% to 6.6%, as highly productive land is not harvested. Note again that, if the bounds on sales are removed, as will be seen later, the loss would be higher as timber production and revenues would fall. In addition, riparian strips represent in essence a long range loss in patrimony, as these areas are excluded permanently form harvesting. Further, it is often considered that narrow riparian strips are of little use, as wind and river growths may destroy them. In this case, a 50-m strip could be considered a minimum width in some cases.
An alternative to protect watercourses is to construct post harvest barriers, 1 m high parallel to the watercourses. The cost of creating these barriers is estimated to be between 0.4 U.S. $/m 3 and 1.4 U.S. $/m 3 , per m 3 harvested, in use of machinery and personnel. This leads to a loss in NPV between 2.9% and 9.4%. Note that, while the operational costs of barriers seem higher, these do not imply the long-range loss of patrimony caused by riparian strips. It is not clear at the moment which of the two measures is more effective in controlling water sedimentation and contamination.
In order to have an additional comparison between having riparian strips or to use barriers, we removed the upper bounds on sales, so that the loss of harvestable areas in the riparian strip scenario would reflect in the operational results. Table 8 shows the results. The results show that the riparian strips (of 20 m and 40 m) lead to a reduction of 338.1 Ha in harvestable area and a reduction in timber volume and revenues (and also harvesting costs, as less area is harvested). NPV for riparian strips now falls by 7.6% compared with 5.6% for barriers. This 7.6% would increase significantly if wider strips were considered. E) SENSITIVITY OF LIMITING WINTER HARVESTING. In the basic scenarios reported in Table 3 , it was seen that R4, limiting the area harvested in Winter to a fraction of the area harvested in Summer, led to a loss in NPV of 6.8%. When the Winter/Summer fractions defined in Table 1 were divided by 2 (for example, for highly fragile soils harvested using towers, the fraction of Winter harvesting was reduced from 0.2 to 0.1), the loss in NPV was 15.3%. This is mainly due to higher harvesting cost, as cable logging becomes more used. In addition, more road upgrading is needed, since now there is a constraint on the amount that can be harvested in each forest area in Winter. In order to produce the same volume in Winter, more stands must be accessible, which requires more roads to be upgraded (recall that in Winter dirt roads cannot be used). We note that the total area harvested in Summer increases as in that season more harvesting is carried out in less productive areas to allow more hectares (of productive area) to be harvested in Winter.
Adding stocking yards to stock timber from Summer to Winter reduced this impact. By considering the possibility of additional stocking at a typical cost of 3.2 U.S. $/m 3 , the loss in NPV was reduced from 15.3% to 11.6% (still a significant level). The capacity of the stocking yard was not binding. Also, we confirmed that in the base case it is optimal not to use the stocking yards. F) REMOVING UPPER BOUNDS ON SALES. In previous scenarios, we assumed an upper bound on sales, given by the constraints the firm has. In the sensitivity analysis of riparian strips, this constraint was removed to assess the cost of having protected areas. In the same spirit, we finally tested the final scenario (i.e., scenarios R1, R2, R3, R4, all together) with no upper bounds on sales. Table 9 shows the results. For the base case and the final scenario, we compare the results with and without imposing upper bounds on sales.
As can be seen, removing upper bounds on sales leads to a decrease in NPV of 16.6% due to the environmental measures, compared with 11.8% with upper bounds.
The main factor that explains the higher variation in NPV is the loss of harvestable land due to riparian strips and high fragility areas. If protection barriers replaced riparian strips and additional stocking yards were used to stock timber from Summer to Winter, the loss in NPV could be reduced to 10.9%. 
Conclusions
We can derive several conclusions of significance from the results shown. First, this paper illustrates the usefulness of mathematical models supported by a GIS and other data to evaluate the economic consequences of several environmental measures. This allows a political evaluation of the trade-offs between gains in environmental terms and reduced timber production or higher harvesting costs. We note that the values obtained have to be considered with limitations. We have considered a relatively short-term horizon. The model considered is in line with a long-term strategic plan, and some measures, like excluding land from harvesting, are permanent, while operational harvesting costs are not. On the other hand, we need a detailed model such as the one used here to capture the impacts of the environmental measures. Ideally, measures taken should have a high environmental impact and a low economic loss. We have evaluated, parametrically, the impact in economic and timber yields caused by several environmental measures that are typically considered. This allows us to get approximate values for the measures. Thus, considering all the scenarios analyzed, the total impact on NPV varied from 11% to 17%. The results obtained allow evaluating which environmental measures have the highest impact on NPV. These are riparian strips and reduced Winter harvesting. When upper bounds on sales are removed, the loss of harvestable land can significantly reduce NPV, but this effect can be diminished by using additional stocking yards (to allow more timber stocks for Winter) and using protection barriers instead of riparian strips. Sensitivity analysis showed moderate impact on all measures, except R4, reduced Winter harvest, which can be smoothed through additional stocking yards.
In some cases, a priori protection measures can be replaced by a posteriori remedial measures. For example, instead of using more cable logging to protect fragile soils, skidders could be used and then the soil recuperated. In a study by Vega (2000) , it is shown that such a measure can be worthwhile in some cases.
The values obtained give an idea of the impact of the different measures, both in absolute terms as well as in relation to each other. This allows supporting decisions on which measures have a higher impact in terms of environmental benefits and lower economic cost. As described, this process can be used in other settings and countries. As noted, this analysis is important in a political evaluation of new laws that is now taking place to control environmental detriment in forest management. The impacts we have described for the different proposed measures can be considered as input for the discussion process before creating final laws and regulations. This tool can be useful to the forestry firms, who are one set of actors in the negotiations, and will want to know which measures will increase more significantly their costs, as trade-offs are considered with environmental improvements. From another angle, environmental groups and the government can also gain insight on how to obtain the best environmental results consistent with measures economically viable to forestry firms. We can easily see that, once specific environmental measures have been enacted, the model presently used for planning can be modified so that the firm can make the best planning decisions incorporating the new added constraints.
Finally, we note that this type of analysis can be extended to other areas where exploitation of natural resources is carried out, such as mining and agriculture, where environmental concerns also need to be imposed, and it is important to know the costs associated to whatever measures are imposed. 
